Abstract. Doxorubicin (DoX) is one of the most effective chemotherapeutic agents in the treatment of a variety of tumors. However, its clinical use has been compromised by the risk of cardiotoxicity. thus, many efforts have been focused on exploring new strategies to prevent or reverse DoX-induced cardiotoxicity. recently, deep sea water (DSW) has drawn much scientific interest for therapeutic intervention due to its enrichment in nutrients and minerals. in this study, we investigated whether DSW has protective effects against DOX-induced cardiotoxicity. Pre-treatment with DSW significantly increased the viability of DoX-treated rat H9c2 cardiac muscle cells. this protective effect of DSW appears to be mediated through the inhibition of Dna damage rather than suppression of reactive oxygen species (roS) production in DoX-treated H9c2 cardiac muscle cells. the inhibitory effect of DSW on DoX-induced Dna damage subsequently attenuated apoptotic signaling such as activation of cysteine-aspartic acid protease-3 (caspase-3) and fragmentation of poly(aDP-ribose) polymerase (ParP), whereas the expression of anti-apoptotic protein B-cell lymphoma-extra large (Bcl-xl) was increased. Moreover, DSW treatment rescued the activation of protein kinase B (akt) to protect cells from DoX-triggered apoptosis.
Introduction
the anthracycline antibiotic doxorubicin (DoX) is one of the most effective chemotherapeutic agents in the treatment of numerous solid tumors and hematological malignancies (1, 2) . However, its clinical use has been compromised due to its dose-dependent cardiotoxicity, which appears to be progressive and permanent (1, 3, 4) . Since the first heart failure was reported in children treated with DoX in 1967 (2), the anthracyclines have been classified as the most common cardiotoxic chemotherapeutic agents. total dose of DoX within a patient's lifetime is restricted not to exceed 450-500 mg/m 2 because cardiotoxicity is related to the cumulative dose (5) . thus, patients who have already received the maximum cumulative dose of DoX cannot receive further DoX therapy even if they may benefit from DOX treatment.
the precise molecular mechanisms underlying anthracycline-induced cardiotoxicity are not fully understood because the cause of cardiotoxicity is complex and multifactorial. the most common hypothesis is that the formation of reactive oxygen species (ROS) such as superoxide anion (•O 2 -) and hydrogen peroxide (H 2 o 2 ) cause oxidative damage to the cellular components and membranes in heart tissue and reduction of energy in cardiomyocytes, which ultimately lead to cardiomyopathy and congestive heart failure (6) (7) (8) . in addition to the formation of roS, more recent studies suggest that cardiotoxicity is associated with Dna damage via DoX interaction with nuclear Dna of cardiac cells, which interferes with Dna replication and transcription, potentially triggering myocyte apoptosis (9) (10) (11) .
Since DoX-induced cardiotoxicity is a major limiting factor in the use of DoX, new strategies to prevent or reverse the cardiotoxic side-effects of DoX have been explored (12) (13) (14) . Several antioxidants or iron chelators including n-acetylcysteine, ascorbic acid, and dexrazoxane have been shown to alleviate anthracycline-induced cardiotoxicity by reducing the oxidative stress (15) (16) (17) . Besides antioxidants, lipid-lowering reagents such as probucol and statins also exhibit favorable cardioprotective effects against anthracycline-induced cardiotoxicity (18) (19) (20) .
recently, deep sea water (DSW) has gained much scientific interest for therapeutic intervention due to its enrichment in nutrients and minerals. DSW is obtained from a clean area at a depth of >200 m and is rich in minerals such as calcium (ca), magnesium (Mg), potassium (K), sodium (na), zinc (Zn), etc. (21) . now, it is well recognized that DSW has health benefits in lowering of blood cholesterol and preventing obesity and atherosclerosis (22, 23) . Moreover, our previous studies showed the inhibitory effects of DSW on the metastatic potential of human breast cancer cell lines (24) and on the carcinogen-induced expression of cyclooxygenase-2 (coX-2), transforming growth factor-β (TGF-β), and urokinase plasminogen activator (uPa) in Ht-29 colorectal cancer cells (25) . although the precise mechanisms mediating these biological activities of DSW have not been clarified yet, it is presumed that its activities may be derived from the combined ionic action of several minerals. in particular, Mg and ca may play important roles in mediating the biological activities of DSW because they are the main mineral ions present in DSW. Since it is well known that Mg plays important roles in regulating cardiac muscle function and maintaining adequate electrophysiology (26, 27) , the present study was directed to evaluate the protective effect of DSW against DoX-induced cardiotoxicity in H9c2 cardiomyocytes.
Materials and methods
Preparation of DSW. DSW was supplied by the Marine Deep ocean Water application research center in the Korea institute of ocean Science and technology (goseong, gyeongsangnam-do, Korea). DSW was taken from the sea in goseong at a depth of 500 m and subjected to a process of filtrations, reverse osmosis, and concentration by electrolysis to achieve desalinated water and 4,000 hardness DSW. Mg and ca within DSW were present in the ratio of 3:1 and the hardness of DSW was determined from the concentration of ca and Mg ions. the following equation was used to calculate the hardness of DSW in this study: Hardness of DSW (mg/l) = M g (mg/l) x 4.1 + ca (mg/l) x 2.5. DSW of hardness 1,500 was prepared by diluting hardness 4,000 DSW with desalinated DSW (hardness 0) and dissolved Dulbecco's modified Eagle's medium (DMeM) powder with 1% antibiotic-antimycotic solution. further serial dilutions were performed to achieve hardness 200-800 DSW media from 1,500 hardness DSW with desalinated media (hardness 0). Measurement of intracellular ROS production. after cells were treated as indicated above, cells were trypsinized and incubated with 20 µM 2',7'-dichlorofluorescin diacetate (Dcf-Da) (Sigma) for 1 h at 37˚C in the dark. After incubation, cells were immediately washed and resuspended in PBS. intracellular roS production was detected on a facScalibur Ⅱ (BD Biosciences, San Jose, CA, USA) by the fluorescent intensity of DCF measured at 525 nm.
Quantitative real-time PCR. the mrna expression of multi-drug resistance protein 1 (MDr1) was determined by quantitative real-time Pcr. cells were grown and treated in 6-well plates as indicated above. total rna was extracted with easy-Blue™ total rna extraction kit (intron Biotechnology, inc., gyeonggi, Korea) and cDna was synthesized with reverse transcriptase (takara Bio, inc., Shiga, japan). the real-time Pcr reactions were performed using QuantiMix SyBr-green kit (Philekorea, Daejeon, Korea) in eco real-time Pcr (illumina, San Diego, ca, uSa). mrna expression level of MDr1 was calculated after normalizing with glyceraldehyde-3-phosphate dehydrogenase (gaPDH). the utilized primer sequences were as follows: MDr1 forward, 5'-gatgga attgataatgtggaca-3' and MDr1 reverse, 5'-gtacgtc gtcatccagagc-3'; gaPDH forward, 5'-aactttggcat cgtggaagg-3' and gaPDH reverse, 5'-tacattgggggt aggaacac-3' .
Western blot analysis. cells were grown and treated in 6-well plates as indicated above. cells were lysed with riPa buffer (50 mM nacl, 1% triton X-100, 1% na deoxycholate, 0.1% SDS, 50 mM tris-Hcl pH 7.5 and 2 mM eDta). Phosphatase and protease inhibitor cocktail (genDePot, Barker, tX, uSa) were added immediately before use. lysates were cleared of debris at 13,000 rpm for 10 min, and protein concentrations were determined using bicinchoninic acid reagent (Sigma). Proteins were separated by SDS-Page (8-15% gels) and transferred onto polyvinylidene difluoride (PVDF) membranes at 100 V for 45 min. Membranes were blocked in 5% milk in tBS-tween (50 mM tris-Hcl, 150 mM nacl, 0.1% tween-20) for 1 h at room temperature. the following primary antibodies were incubated with blots overnight at 4˚C: Anti-rabbit phospho-H2A histone family member X (H2aX), phospho-p38, total-p38, phospho-protein kinase B (akt), total-akt, phospho-extracellular signalregulated kinase 1/2 (erK1/2), total-erK1/2, B-cell lymphoma-extra large (Bcl-xl), cleaved cysteine-aspartic acid protease-3 (caspase-3), and poly(aDP-ribose) polymerase (ParP) (cell Signaling technology, inc., Beverly, Ma, uSa). HrP-conjugated secondary anti-rabbit antibody (Santa cruz Biotechnology, inc., Santa cruz, ca, uSa) diluted 1:5,000 was incubated with blots for 1 h at room temperature. Blots were developed using luminescent image analyzer LAS-4000 (Fujifilm, Tokyo, Japan).
Statistical analysis. the Student's t-test was used for statistical analysis of the data. P<0.05 was considered significant.
Results

DSW protects H9c2 rat cardiomyocytes from DOX-induced cell death without interfering with anticancer effects of DOX.
to evaluate whether DSW itself has harmful effects on normal cardiomyocyte cells, we first measured viabilities of H9c2 rat cardiomyocytes after treatment with DSW of different hardness for 24 or 48 h. as shown in fig. 1a , cell proliferation was not affected by treatment with DSW even when cells were treated with DSW of 1,500 hardness for 48 h ( fig. 1a) . However, treatment with DoX significantly reduced the viability of cardiomyocytes dose-dependently ( fig. 1B) . to investigate whether DSW is able to protect cardiomyocytes from DoX-induced cell death, we treated cells with conditioned media containing DSW of various hardness for 24 h prior to adding 0.25 µM DoX and further incubated cells for another 24 or 48 h before measuring cell viability by Mtt assay. DSW clearly protected H9c2 cardiomyocytes from DoX-induced cell death, showing increased cell viability from 60 to >90% in the presence of DSW of 1,500 hardness at 48 h ( fig. 1c) .
Since DSW exhibited cardioprotection by inhibiting DoX-induced cell death, we tested possible interference of DSW with antitumor effects of DoX in the Mcf-7 and MDa-MB-231 human breast cancer cells. interestingly, mildly enhanced antitumor effects of DoX were observed in both Mcf-7 and MDa-MB-231 cells in a dose-dependent manner, exhibiting ~10% decrease of cell viability at DSW of 1,500 hardness ( fig. 2a and B) . this result manifested that the antitumor effects of DoX were not impaired by DSW. taken together, our data suggested that DSW provides cardioprotection in cardiomyocytes exposed to DoX, without interfering with the antitumor activity of DoX in human breast cancer cells.
Protective effect of DSW is associated with DNA damage responses rather than ROS generation or expression of MDR1. to elucidate the molecular mechanisms involved in the cardioprotective effects of DSW, we first monitored the generation of roS in H9c2 cells treated with DoX and DSW since a number of recent reviews described the involvement of roS in the mechanism of DoX-induced cardiotoxicity. in flow cytometry analysis using DCF-DA reagent, which can be converted to fluorescent DCF in a reaction with intracellular roS, we observed that DoX caused a right-shift of the fluorescence intensity of DCF signal compared to untreated cells, confirming the generation of ROS by DOX. However, this DoX-induced roS generation was not diminished by pre-treatment with DSW of 1,500 hardness, suggesting that the cardioprotective effects of DSW are independent of roS generation ( fig. 3a) . We also tested whether DSW enhanced the mrna expression of drug transporter MDr1, which plays an important role in the protection of cardiac tissue by inhibiting accumulation of DoX within tissues (28) . although the expression of MDr1 was induced by stimulation of the cells with DoX, its further induction with DSW treatment was not observed, suggesting that DSW has no effect on inhibiting accumulation of DoX within H9c2 cells ( fig. 3B) .
Several studies suggested that induction of Dna damage is an early event in DoX-induced lethal cardiomyocyte injury (10) . Since H2aX is rapidly phosphorylated in response to Dna damage and its phosphorylation is frequently used as a marker for Dna damage (29), we analyzed H2aX phosphorylation (γ-H2aX) by western blot analysis to test whether the cardioprotective effects of DSW are associated with the response of Dna damage in H9c2 cells. as expected, DoX exposure significantly induced the phosphorylation of H2AX. However, pre-treatment with DSW attenuated this response in a dose-dependent manner, exhibiting ~50% decreased phosphorylation of H2aX at DSW of 1,500 hardness ( fig. 3c) .
The inhibitory effect of DSW on DOX-induced DNA damage subsequently attenuates apoptotic signaling. as DSW suppressed DoX-induced Dna damage, which triggers the cell death program, we assessed the effects of DSW on apoptosis signaling. We first analyzed the expression of Bcl-xL, which is an anti-apoptotic protein that inhibits the release of mitochondrial cytochrome c into the cytosol. Western blot analysis demonstrated that DoX downregulated the expression of Bcl-xl, which was effectively restored to control level by DSW of 1,500 hardness ( fig. 4a) . We further studied the inhibitory effect of DSW on DoX-triggered apoptosis by evaluating the activation of caspase-3 and ParP fragmentation. treatment of cardiomyocytes with DoX resulted in a remarkable increase in the levels of cleaved caspase-3, as well as fragmentation of its substrate, ParP. However, DSW effectively suppressed the activation of caspase-3 ( fig. 4B ), leading to subsequent inhibition of ParP fragmentation ( fig. 4c ). these data suggest that DSW can counteract DoX-triggered apoptosis in H9c2 cells.
DSW rescues the Akt-signaling pathway to protect cells from DOX-induced cell death.
Several studies have shown that the Pi3K/akt-and MaP kinase-signaling pathways are involved in DoX-induced apoptosis (11, 30, 31) . increased MeK-erK1/2 activity is responsible for the DoX-induced apoptosis (11) , while increased Pi3K/akt activity is protective against DoX-induced cardiomyocyte apoptosis (31) . thus, to get more detailed insights into the mechanism underlying the protective effects of DSW against DoX-induced apoptosis, we further analyzed the effects of DSW on Pi3K/akt-and MAP kinase-signaling pathways. Although DOX significantly induced phosphorylation of erK1/2, no inhibitory effect of DSW on the protein level of phosphorylated erK1/2 was observed ( fig. 5a ). Similar induction was observed in the phosphorylation of p38 in DoX-treated cardiomyocytes. However, treatment with DSW significantly decreased the phosphorylation of p38 ( fig. 5B) , suggesting that DSW protects (c) H2a histone family member X (H2aX) phosphorylation was analyzed by western blot analysis. glyceraldehyde-3-phosphate dehydrogenase (gaPDH) was used as an internal control and the relative intensity of each sample was expressed as fold change compared to control after normalization to respective internal control.
cells from DoX-induced cell death by suppressing the activation of p38. in contrast to the roles of MaP kinase-signaling pathways, the Pi3K/akt-signaling pathway is a major cell survival signal in cardiomyocytes (31) (32) (33) . our data also showed that DOX significantly decreased the phosphorylation of akt. However, DSW treatment rescued the activation of akt from DOX-mediated Akt suppression (Fig. 5C) . To confirm the protective role of Pi3K/akt-signaling pathway against DoX-induced apoptosis, we blocked this signal with ly294002. Blocking Pi3K/akt-signaling pathway with ly294002 in DOX-treated H9c2 cells significantly increased the cleavage of caspase-3 ( fig. 5D) , resulting in decreased cell viability (data not shown). these data suggest that the Pi3K/akt-signaling figure 4. Deep sea water (DSW) inhibits doxorubicin (DoX)-induced apoptosis signal. Protein lysates were prepared from cells treated with DSW of different hardness in the presence of 0.25 µM DoX. the expression of (a) B-cell lymphoma-extra large (Bcl-xl), (B) cleaved cysteine-aspartic acid protease-3 (caspase-3), and (c) fragmented poly(aDP-ribose) polymerase (ParP) was analyzed by western blot analysis. glyceraldehyde-3-phosphate dehydrogenase (gaPDH) was used as an internal control and the relative intensity of each sample was expressed as fold change compared to control after normalization to respective internal control. pathway is protective against the progression of apoptosis and DSW rescues cardiomyocytes from DoX-induced cell death via the restoration of akt activation.
Discussion
in the present study, we demonstrated that DSW provides a cardioprotective effect against DoX-induced cardiotoxicity in rat H9c2 cardiac muscle cells without interfering with the antitumor activities of DoX. this protective effect of DSW appears to be mediated through the inhibition of Dna damage rather than suppression of roS, resulting in subsequent inhibition of DoX-induced apoptotic signaling. Moreover, DSW rescues the akt-signaling pathway to protect cells from DoX-induced cell death.
Since oxidative stress is generally accepted as the major mechanism by which DoX causes toxicity to the heart, numerous antioxidants have been investigated as cardioprotective agents to prevent or reverse the cardiotoxic side-effects of DoX. However, administration of antioxidants with DoX has failed to show favorable outcomes in clinical studies, implying the involvement of additional mechanisms in the cardiotoxic action of DoX. More recent studies suggest that Dna damage plays an important role in mediating DoX-induced cardiomyocyte death through a pathway involving p53 and the mitochondria (10). a cardioprotective effect through direct inhibition of DoX-induced Dna damage was demonstrated by Huelsenbeck et al showing that lovastatin, which is a widely used lipid-lowering drug, effectively protects against DoX-induced cardiac damage by inhibiting Dna damage in a rac1-dependent manner without suppressing roS generation in both in vitro and in vivo studies (18) . Since DSW also exhibits a cardioprotective effect through the inhibition of Dna damage rather than roS generation, inhibiting DoX-induced Dna damage may provide alternative cardioprotective strategies besides antioxidant therapy in DoX treatment.
it is not clear which component of DSW is responsible for the protective effects against DoX-induced cardiotoxicity. However, it is assumed that the combined ionic action of several minerals such as ca, Mg, K, and na may play important roles in mediating diverse biological effects of DSW including its cardioprotective effect. indeed, it is now well known that these essential metal ions are crucial to maintain cellular functions and their deficiency is considered to be a potential health hazard. in particular, Mg and ca may be the primary minerals responsible for the protective effect of DSW against DoX-induced cardiotoxicity due to their profound existence within DSW. Mg is an essential intracellular ion necessary for normal cellular function (26) . its crucial role in regulating cardiac function is well established in studies of several cardiovascular diseases, including hypertension, stroke and atherosclerosis (34, 35) . Moreover, it has been shown that chronic dietary Mg deficiency results in cardiac apoptosis in the rat heart (27) , whereas Mg treatment contributes to the improvement of the prognosis of heart failure patients (36) . Ca deficiency is also known to be associated with increased apoptosis in multiple cell lines. although it has been suggested that an excessive level of intracellular ionized ca may be responsible for triggering apoptotic machinery within cells, emerging evidence emphasizes that loss of ca is a greater determinant in apoptotic cell death than high level of intracellular ionized ca (37, 38) . the requirement of both Mg and ca in preventing apoptotic cell death has been proven by feng et al (39) . they demonstrated that deficiency of Mg and Ca induce apoptosis in chinese hamster ovary cells but the restoration of Mg and ca protects cells from apoptotic cell death. furthermore, a clinical study has shown that supplementation of Mg and ca in drinking water decreased the mortality of breast cancer patients (40) . in this study, the cardioprotective effect of DSW was escalated corresponding to the hardness of DSW, which reflects the concentration of Ca and Mg. Compared to the effect of desalinated DSW (hardness 0), the cardioprotective effect was maximized in cardiomyocytes treated with 1,500 hardness DSW, in which ca concentration is ~100 mg/l and the amount of Mg is ~300 mg/l. thus, the synergistic action of Mg and ca within DSW may be mainly responsible for its cardioprotective effects against DoX-induced cell death. However, the possible involvement of the other trace elements in DSW also needs to be considered. our data showed that inhibition of DoX-induced Dna damage is one of the mechanisms underlying the cardioprotective effects of DSW. to elucidate a more detailed mechanism of DSW-mediated cardioprotection against DoX-induced cardiotoxicity, further investigations will be needed. So far, diverse beneficial effects of DSW have been revealed and applied in many fields such as food processing and cosmetics (21) . However, to our knowledge, this is the first study to show the cardioprotective effects of DSW against DoX-induced cardiotoxicity, suggesting that DSW has some promise as a novel protective supplement to extend the use of DOX therapy in patients who may benefit from further DOX treatment.
